Abstract
I. Scaling of microelectronics
For applications as sensors, microactuators, infrared detectors, microwave phase filters and non-volatile memories, functional properties of ferroelectric materials such as switchable polarization, piezoelectricity, high non-linear optical activity, pyroelectricity, and non-linear dielectric behaviour are indispensable [1] .
More recently and motivated by the industrial need of reduction of size of microelectronics devices to increase volumetric efficiency, many efforts have been dedicated to the development of new fabrication strategies of micro-and nano-scale ferroelectric structures. As dimensions decrease, ferroelectric materials exhibit a pronounced size effect, which is manifested in a significant deviation from bulk properties.
The interest in the fabrication of one-dimensional (1D) ferroelectric nanostructures such as nanowires (NWs) and nanotubes (NTs) has increased in the recent years for two important reasons. First, the study of these systems can provide useful information for the fabrication of next generation, fully three-dimensional FeRAM structures with the required bit density [2] . Second, de-tailed ab initio calculations have predicted a new kind of ferroelectric order in nanorods and nanodisks [3, 4] .
II. Strategies for miniaturization
There are two main approaches for the preparation of 1D materials. The so called top-down methods that consist in the size reduction until 1D nano structures are obtained and bottom-up methods when atoms, ions or molecules are assembled [5] .
The top-down methods based on electron-beam (EB) assisted fabrication involves patterning the ferroelectric structures either by milling of the ferroelectric layer using a focused ion beam (FIB) [6] or by maskless EB lithography [7] . Top-down methods are widely used in modern commercial nanotechnology because they provide high-precision positioning and size control. However, they are limited in resolution, time-consuming and are prone to processing damage [5] .
Bottom-up methods include: use of the intrinsically anisotropic crystallographic structure of a solid to accomplish 1D growth; introduction of a liquid-solid interface to reduce the symmetry of a seed; use of various templates with 1D morphologies to direct the formation of 1D nanostructures; use of supersaturation control to modify the growth habit of a seed; use of appropriated capping reagents to kinetically control the growth rates of various facets of a seed; and self assembly of 0D nanostructures [8] . Among the bottom-up procedures, template assisted methods have been the most tried and tested for the preparation of 1D ferroelectric materials. In general, there are two main template based methods; denoted as 'physical' and 'chemical' templating. Physical template methods use templates with 1D morphologies in order to direct the growth of 1D product. After synthesis, the template must be removed either by thermal or chemical etching. Chemical template methods utilise 1D particles, which act as both template and precursor.
Physical template methods are based on filling porous templates with a solution containing the required precursors followed by thermal treatment to obtain a crystalline structure. By using electrophoresis for filling the pores of track-etched polycarbonate (PC), large areas of nanorods of PbZr x Ti 1-x O 3 (PZT) and BaTiO 3 ferroelectric materials have been grown [9] . Uniform nanorods (NRs) of 45-200 nm in diameter and 10 μm in length were grown over large areas with near unidirection alignment. The NRs had the desired stoichiometric composition and crystal structure after firing to 500-700°C up to one hour. Nanotubes (NTs) of BaTiO 3 and PbTiO 3 were prepared for the first time in 2002 by physical sol-gel template method [10] . Sol precursors were deposited by dip coating on anodized aluminium anodisc membranes and the template pores filled by capillarity. Later, Morrison et al. [11] reported an innovative method of filling the template pores by a liquid source 'mist' deposition technique. NTs of PZT, BT and Sr x Ba 1-x TiO 3 (SBT) with high aspect ratio, as large as 60 were grown on porous Si substrates.
Although physical template methods have the advantage of producing periodic arrays of 1D nanostructures, the main drawbacks are that the dimensions of the 1D structures are confined to the sizes of the template (usually larger in diameter than the required nanoparticle dimension) and the need of a post-deposition annealing process (often at high temperature).
To overcome these drawbacks chemical template methods using 1D nanostructures as both precursors and templates have been proposed. Although these methods are not straightforward and different mechanisms can nullify the template role of 1D precursors, smaller 1D ferroelectrics may be obtained at lower temperatures via these methods. Within this context the growth of titanate based ferroelectrics starting from TiO 2 NTs was studied. It was claimed that TiO 2 based nanotubes act as precursors for the hydrothermal preparation of BaTiO 3 1D nanostructures [12] . However, at that time, the chemical nature of the nanotubes was not clearly identified and the obtained powders contained amorphous phases, unreacted titania nanotubes and carbonate impurities [13] . Later, Bao et al. reassessed this approach but the crystal structure of the NRs was not adequately proven [14] . Buscaglia et al. also reported the synthesis of single crystal BaTiO 3 nanowires with tetragonal structure by topochemical solid-state reaction at 700°C using layered TiO 2 nanowires as reactive templates coated with BaCO 3 nanocrystals [15] . According to the authors, the initial morphology of the titania nanowires was retained in the final product and the BaTiO 3 NWs exhibited strong piezoactivity and a striped domain structure.
Other bottom-up approaches used for the 1D nanostructure fabrication include additive assisted methods. It has been demonstrated that additives can be used as crystal growth modifiers by changing the growth habit or kinetically controlling the growth rate of various crystallographic facets [16, 17] . Good examples of such additives are polymers, which can be adsorbed preferentially on specific crystallographic planes, thereby orienting the growth in a particular direction (the growth direction is determined by the slowest growing crystal face with the lowest surface energy) [18] . For instance, polyacrylic acid and polyethylene-oxide-blockpolymethacrylic acid can adsorb specifically on {100}, and {110} crystallographic planes of barium titanate reducing their surface energy [19, 20] . It is thus, expected that the growth direction of BaTiO 3 may be oriented in these directions. Although some morphological changes were observed by Bagwell et al. [20] , no anisotropic growth was reported in this study and the barium titanate particles formed in the presence of the polymeric species were rounder than those formed without any polymeric additives. In contrast, oriented growth of PZT single crystals was promoted by the specific adsorption of poly(vinyl alcohol) (PVA) and poly(acrylic acid) (PAA) on (001) crystallographic planes [16] , resulting in the formation of PZT NWs. The large surface energy of the exposed (001) plane was reduced by the adsorption of PVA by hydrogen bonding. The energy reduction is further enhanced by the adsorption of PAA through carboxy group chemical bonding [16] .
Using laurylamine as an additive, NRs of BaTiO 3 were prepared by a combined route based on sol-gel and surfactant templated methods at low temperature [17] . Isolated single-crystal, cubic perovskite BaTiO 3 nanorods with diameters ranging from 20 to 80 nm were formed by an oriented attachment mechanism [21] . The surfactant adsorbs on specific crystalline surfaces of the nanoparticles and modifies their growth direction. Therefore, the shape and size of particles in the system can be altered by oriented attachment of the primary nanoparticles. Depending on the orientation, further oriented attachment will result in the formation of rodshaped structures [17] .
III. Our contribution within COST 539
BaTiO 3 is one of the most widely used ferroelectric ceramic materials in passive electronic components, particularly in multilayer ceramics capacitors (MLCCs) [22] . In addition, there is currently renewed interest in BaTiO 3 with optimized piezoelectric performance as a possible lead free substitute for PZT [23] . Consequently, it was considered an ideal material upon which to base our activity within COST 539 ELENA. This paper therefore reports our contribution for a better understanding of the anisotropic growth of BaTiO 3 in aqueous solutions.
Two bottom-up approaches were used to determine the anisotropic growth of BaTiO 3 particles from solution. The first approach, a chemical templating method, used layered sodium titanate nanotubes (TiNTs) as precursors and Ba(OH) 2 as the aqueous media. It was unambiguously demonstrated by kinetic studies that two nucleation and growth mechanisms take place depending on the synthesis temperature and time. In the second approach, additives were used as crystal modifiers to control the growth of BaTiO 3 in aqueous and hydrothermal syntheses [24, 25] .
The kinetic analysis in the first approach was based on the Johnson-Mehl-Avrami (JMA) model, generally used to determine the crystallization in solid state reactions [26, 27] . It has also previously been applied to the formation of round shaped particles of BaTiO 3 under hydrothermal conditions [28] [29] [30] . This model postulates that for reactions obeying a single theoretical rate equation plots of ln[-ln(1-f)] versus ln(t), where f is the fraction of crystallization at time t, over the range f = 0.15-0.50 yield approximately straight lines, with slope (m) characteristic of three distinct reaction mechanisms [31] ; for m = 0.54-0.62, diffusion is the rate limiting step, for m = 1.0-1.24, a zero-order, first-order, or a phase-boundary controlled mechanism is indicated and, when m = 2.0-3.0, the nucleation controls the rate.
In our studies, the variation of crystallized BaTiO 3 fraction with time ( Fig. 1a ) and the JMA plots (Fig. 1b) indicated that crystallization of BaTiO 3 takes place in two stages, in a similar manner to that previously reported [28] [29] [30] . A value of m ≈ 1 was obtained in the first regime and corresponds to a phase boundary mechanism [31] in agreement with Walton et al. [32] in which BaTiO 3 was synthesized in a static hydrothermal cell from an amorphous TiO 2 precursor and Ba(OH) 2 aqueous media. For the synthesis of BaTiO 3 via aqueous coprecipitation or in non-static hydrothermal cells [28] [29] [30] values as high as m = 2.63 have been reported and attributed to nucleation dominated mechanisms. Our data therefore indicate a fundamentally different rate-determining step in static hydrothermal synthesis of BaTiO 3 starting from TiNTs compared to other methods. For the second regime, a value of m ≈ 0.2 was obtained independent on the synthesis temperature. According to the JMA model this value does not fall into any of the three listed exponent ranges [31] . However, the JMA model is only valid for f ≤ 0.5 and in the second stage the fraction of BaTiO 3 crystallization is > 0.7. Therefore, a detailed structural and morphological study was performed to understand further the crystallization process.
In agreement with the exponent m ≈ 1 or f < 0.7, TEM studies clearly demonstrate that BaTiO 3 nucleates on the surface of the TiNTs (Fig. 2) . It was postulated that when the TiNTs start to dissolve a sequence of reactions to form hydrous titanium cations (Ti(OH) x (4-x)+ ) takes place. At each hydrolysis step however, H 3 O + ions are generated [33] . Under the current static synthesis conditions, the local concentration of Ti at the surface of the NTs increases and therefore local pH decreases. The decrease in local pH shifts the equilibrium of the hydrolysis reactions to the left, thereby suppressing the formation of Ti(OH) 4 which is critical for the formation of BaTiO 3 [33] . The proposed rate-determining step (RDS) therefore relates. not to nucleation or diffusion but to the hydrolysis of the Ti precursor at the surface of the titanate NTs. This RDS corresponds directly to the phase boundary mechanism indicated by the exponent, m ≈ 1 obtained from fitting of the kinetic data.
The structural analysis suggested also that there is a gradual transition from pseudocubic to tetragonal barium titanate with the reaction temperature and time. This is indicated by the reflections around 2θ of 45° [(200) and (002)] in the X-Ray patterns which became broader as the temperature and time of reaction increases (see Fig. 3 ). The splitting of the reflection at 2θ ≈ 45° is characteristic of the tetragonal distortion of the BaTiO 3 structure. This cell distortion is reflected also in the Raman spectra [24, 25] by the appearance of the sharp band at ~ 307 cm -1 [34] . We postulate therefore, that at the early stages of BaTiO 3 crystallization cubic BaTiO 3 is more likely to form whereas at later stages predominately tetragonal BaTiO 3 particles are obtained [24, 25] .
The stabilization of pseudo cubic structure of BaTiO 3 is commonly reported for hydrothermal synthesis [35] [36] [37] . It has been suggested that the reason for this behaviour is the presence of lattice defects created by replacing the O 2-ions on the oxygen sublattice with OH -. The most likely compensation mechanism(s) for substitution of O 2-by OH -is by the formation of cation vacancies, although the precise defect chemistry remains controversial. The presence of cation vacancies is accompanied by local distortions of the lattice which suppress long range cooperative tetragonal distortion and a pseudocubic phase is obtained.
In SEM micrographs, we observed that the transition from pseudocubic to tetragonal is accompanied by a change in the particle morphology from "wild"-type dendrites to round shaped particles and "seaweed" dendrites (Fig. 4) . At low synthesis temperature (90°C) and short reaction times "wild" type dendrites with a rough defective surface are formed (Fig. 4a) . As the crystallised BaTiO 3 fraction increases with the temperature and time, round shaped particles are observed (Fig. 4b) followed by defect free dendritic particles with smooth surface called "seaweed" type (Fig. 4c) .
In the present study we have demonstrated that a topotactic reaction takes place at the TiNTs surface, which resulted in the nucleation of BaTiO 3 at the nanotube surface. A topotactic reaction is essential if 1D BaTiO 3 nanostructures are to be attained. However, our observations contradict those reported by Mao et al. [12] and Bao et al. [14] who claimed that the nanotubular morphology of the titanium precursor can be preserved during the in-situ topotactic reaction at low temperatures and times of hydrothermal synthesis, with the formation of NTs and NRs of BaTiO 3 , respectively. Instead, dendritic growth was observed which effectively overwrote the nanotubular morphology of the precursor. This implies that the use of layered titanate nanotubes as templates to prepare BaTiO 3 nanorods/nanotubes is challenging.
In the second approach we used various additives in the aqueous and hydrothermal synthesis of BaTiO 3 starting from Ba(OH) 2 and titanium butoxide as the barium and titanium sources, respectively. It should be noted in the aqueous and hydrothermal syntheses, starting from alkoxides, the formation of BaTiO 3 takes place in two steps [38] . In the first step Ti-O-Ti network is rapidly formed by hydrolysis-condensation of the titanium alkoxide with the formation of amorphous titanium hydroxide. The second step consists in the slow reaction of Ba ions with amorphous titanium hydroxide to form BaTiO 3 [38] . Once a nucleus is formed the crystal shape will depend on the kinetic growth factors, which can be drastically modified by the presence of crystal habit modifiers, which preferentially adsorb on a specific crystal face [18] . Within this context, we systematically studied the effect on the synthesis of BaTiO 3 of three different categories of crystal habit modifiers; i) polymers, poly(acrylic acid) (PAA) and poly(vinyl pyrrolidone) (PVP); ii) a surfactant, sodium dodecylsulfate (SDS); and iii) the carbohydrates, hydroxypropylmethylcellulose (HPMC) and (D-)fructose with a view to obtaining 1D BaTiO 3 nanoparticles.
Syntheses was separated into two steps in order optimize crystallinity. First, a pre-treatment of the precursors mixtures at 96°C was performed, followed by a hydrothermal treatment at 110°C. X-Ray diffraction revealed that, crystalline barium titanate was obtained in the pre treatment step before hydrothermal treatment in the presence of PAA, PVP, SDS and HPMC irrespective of the additive concentration (0.4 g/l for the low concentration and 5 g/l for the high concentration). The only exception was in the case of a high concentration of fructose when no BaTiO 3 was formed before hydrothermal treatment. Fig. 5 present the X-ray patterns of the samples obtained after the hydrothermal treatment for low and high additive concentrations, respectively. BaTiO 3 with low crystallinity is formed in the presence of high concentrations of D-fructose (Fig. 5b) . In the case of a high concentration of PAA, direct aggregation of BaTiO 3 particles was promoted (Fig. 6) . Similar specific surface areas (S BET ) were obtained independent of the additive concentration (Table 1 ) and high weight loss was observed at higher PAA concentrations (Table 2) . PAA adsorption at high pH occurs through hydrogen bonding or some specific bonding of the polymer to ion sites at the surface [20] . At high pH (in this case pH > 12), PAA is fully ionized, with free COO -groups. At pH > 10 the barium titanate particles have negative surface charge [39] . Therefore, the most probable adsorption mechanism of PAA on the barium titanate surface is by specific bonding to the BaTiO 3 particle surface by Ba bridges [40] . This situation is favoured by the formation of a monodentate, Ba-PAA complex (Ba + -COO). If the Ba 2+ ions form a bidentate species no positive charge remains to bind the polymer with the barium titanate surface sites. As a result, the polymer is trapped during the precipitation rather than adsorbed onto the particle surface. Pores within BaTiO 3 particles prepared in the presence of PAA are revealed by TEM (see inset of Fig.  6 ). The similar value of S BET irrespective of the additive concentration supports the notion that PAA is trapped during the BaTiO 3 precipitation rather than adsorbed on the particle surface. Therefore, we can state that PAA controls the BaTiO 3 nucleation under the applied experimental conditions. PAA also influences the growth of BaTiO 3 as indicated by direct aggregation (Fig. 6) , suggesting that the growth is controlled by a mechanism often referred to as oriented attachment [41] . A similar mechanism has been reported for when two adjacent anatase nanoparticles come into the same crystallographic orientation. High-energy faces fuse and the result is an aggregate with directed orientation [42] . In our case, it is possible that PAA preferentially adsorbs on high energy BaTiO 3 crystallographic faces, decreasing the growth rate of these faces and inducing oriented attachment of the BaTiO 3 particles. Thus, we can state that PAA limits the growth kinetics of BaTiO 3 by decreasing the surface energy and thereby decreasing the growth rates of specific crystallographic faces.
PVP is a water soluble polymer with a basic character which may strongly interact with other molecules by the formation of hydrogen bonds that act as proton acceptors [43] . Because of these properties, PVP can be coordinately bonded to the surface ions and forms a protective layer, which impedes further aggregation, thereby acting as a growth inhibitor and dispersant [44] . Our studies revealed that the morphology of the barium titanate particles is not changed in the presence of PVP since we obtained round particles (80-100 nm) similar to blank samples. However, because better dispersed and homogeneous particles are formed (Fig. 7) , it is suggested that the colloidal stability was increased by a steric effect in the presence of PVP. The steric repulsion effect on the BaTiO 3 nuclei may be related to the high viscosity of PVP in aqueous solution [45] , which reduces the mobility of the nucleus and consequently the agglomeration. The roll of this additive as a growth inhibitor is indicated by the reduction of the crystallite size (Table 1 ) from 70 nm (in the blank) to 34 nm (for high PVP concentration). As the weight loss of the samples prepared in the presence of PVP is independent of concentration (Table 2) , we consider that this additive is not adsorbed onto the BaTiO 3 surface. Taking into account all the above data, we propose that PVP is influencing the growth of BaTiO 3 but does not act as a crystal habit modifier.
SDS is an anionic surfactant with critical micelle concentration of 0.252 g / 100 cm 3 at 30°C [46] . In general, surfactants can influence the growth in two ways: i) by creating direct micelles (oil in water) the surfactant acts as a growth inhibitor [47] and ii) as a capping molecule, they can adsorb on specific crystallographic faces, influence the growth kinetics, and modify crystal shape [17] . In the present study SDS acted as growth inhibitor rather than as a crystal modifier since the crystallite size was drastically reduced (Table 1 ) and no changes in the particle shape was observed. However, the colloidal stability was reduced when using SDS and more agglomerated powders were obtained ( Fig. 8 and Table 1 ). The HPMC is a polysaccharide derived from cellulose by insertion of hydrophobic moieties such as hydroxypropyl and methyl. HPMC presents a high hydrophilic character due to the presence of polyhydroxy groups on the molecular chains, which make the polymer water soluble [48] . Due to the presence of both hydrophilic and hydrophobic groups, HPMC presents unique hydration-dehydration properties and can act as crystal modifier by creating bonds with either hydrophobic or hydrophilic crystal faces. The role of crystal modifier of HPMC has been verified in the case of the crystal growth of copper oxalate [49] and CaCO 3 [50] when the HPMC selectively interacts with the hydrophobic faces of the crystal, restricting the crystal growth in one direction. Another important characteristic of HPMC is its inverse solubility and gelation, i.e., HPMC becomes less soluble in water when the temperature increases and eventually becomes a hydrogel with a 3D network [51] . HPMC can act as growth inhibitor since the crystal growth can be regulated and restricted by the 3D network structure of HPMC gel. In the present study, we observed the formation of particles with various morphologies when increasing the HPMC concentration (Fig. 9) . Small agglomerated particles with rough surface, dendritic particles with a smooth surface and particles with parallelepiped shape were obtained. Energy dispersive X-ray mapping confirmed that Ti and Ba are homogeneously distributed in all the observed morphologies, indicating that various stages of BaTiO 3 crystallization can be observed at this reaction level. When the HPMC is in solution, round shape particles are formed but when the HPMC gel is formed by increasing the reaction temperature and concentration, the crystal growth of BaTiO 3 will be inhibit and modulated and anisotropic barium titanate particles can be obtained. The roll of HPMC as a growth inhibitor is confirmed by the variation of crystallite size from 70 nm in the blank sample to 26 nm at high HPMC concentration (Table 1) . Moreover, the value of S BET is twice as high as in the blank for large HPMC concentrations (Table 1) which suggests the presence of amorphous phase, often formed in incomplete sol-gel reactions [52] . This result is an indication of delayed BaTiO 3 crystallization when the concentration of HPMC is increased, as in the case of CaCO 3 crystallization [50] . Based on the obtained results we can state that HPMC acts mainly in the present conditions as a growth inhibitor of BaTiO 3 . From our studies, the most evident effect of additive concentration on the BaTiO 3 crystallization was observed in the case of D-Fructose. At low concentration, round shaped BaTiO 3 particles, similar to the blank sample, were formed but at high additive concentration large agglomerates of equiaxed particles, which seems to be organized into an ordered porous structure, were formed (Fig. 10a) . However, no peaks associated with BaTiO 3 were identified by XRD analysis. BaTiO 3 with low crystallinity was formed only after the hydrothermal synthesis at 110°C (Fig. 5b) when the porous structure collapse and large agglomerates of particles formed (Fig. 10b) . It is evident then, that the energy barrier for barium titanate nucleation is increased as the additive concentration increases. Similar behaviour has been observed in the case of CaCO 3 crystallization in the presence of saccharides [53] . This behaviour is probably an expression of Ostwald's step rule which stipulates that the nucleation rate of a metastable phase can be higher than those of the stable phases due to the local decrease of the supersaturation [54] . However, how saccharides, in general, and fructose, in particular affect crystallization remains to be elucidated. We believe that in the particular case of BaTiO 3 the local decrease of supersaturation can be due to the formation of stable Ba-fructose complexes, which restrict the reaction with the titanium precursor, and consequently the crystallization of BaTiO 3 .
IV. Conclusions
i) Our work demonstrates that, for the formation of BaTiO 3 by chemical template hydrothermal synthesis starting from layered titanate nanotubes, two mechanisms take place depending on the temperature and time [24, 25] . At low temperature and low time 'wild' type dendritic particles with pseudo-cubic structure have been formed by a phase boundary topotactic reaction on the TiNTs surface. At intermediate temperature and time round shaped particles of BaTiO 3 were formed. Finally, at high temperature and longer time 'seaweed' type dendrites with predominately tetragonal structure were obtained. In the last case the BaTiO 3 crystallization process was controlled by a dissolutionprecipitation mechanism. Our work clearly shows that TiNTs can not easily act as directing growth agents or as template for hydrothermal synthesis of 1D BaTiO 3 . Although at low temperature and low time topotactic reactions on the NTs surface takes place, their instability in the high alkaline solution results in a dissolution rate faster than that of BaTiO 3 nucleation.
ii) Our results give useful insights on how additives control barium titanate growth from aqueous solutions.
PAA can adsorb on specific crystallographic BaTiO 3 faces changing the growth kinetics and inducing oriented attachment of the particles. PVP acts as a growth inhibitor rather than crystal habit modifier and small, well dispersed BaTiO 3 crystals are obtained. Due to micelle formation, SDS inhibits growth and BaTiO 3 with a crystallite size (26 nm) is formed. HPMC also acts as growth inhibitor due to its inverse water solubility and formation of viscous hydrogel. D-Fructose has the most evident effect on the BaTiO 3 crystallization and presents a threshold concentration for BaTiO 3 nucleation.
iii) The synthesis of 1D nanostructures of complex oxide by chemical methods is not a trivial task and more systematic studies on the synthesis and rigorous sample characterization are critically needed.
